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ABSTRACT
Teflon
materials are well known for excellent thermal and chemical resistance
properties. Their low dielectric constant makes them good materials for substrates in
electronic packaging of microsystems where copper is often used as the conductor. Good
adhesion between Cu and the hydrophobic PTFE is required in the microelectronics
industry.
A low-pressure helium MW plasma was used to modify the surface of PTFE
located downstream from the plasma. Sometimes, oxygen was flowed over the surface of
PTFE. Negligible photo-etching (< lnm/min) was observed. The contact angle of treated
PTFE film was found to decrease from an average value of 104 for untreated material to
an average of about
86
and showed improved wettability with treatment time. Without
modification, the adhesion of copper to PTFE was very weak. Significant improvement in
adhesion occurs when PTFE is modified with VUV radiation downstream from a helium
MW plasma with 02 flowing over the surface. SEM results show the modified PTFE has
a rougher surface than untreated samples which provide more anchor sites to copper. XPS
analysis shows defluorination and formation of oxygen-containing structures on the
surface of the modified PTFE that contributes to the improved hydrophilic nature of the
surface and stronger chemical bonding between copper and the modified PTFE.
Trademark ofE.I. Dupont De Nemours & Co., Wilmington, DE.
xi
1. INTRODUCTION
Teflon
materials are well known for excellent thermal stability and chemical
resistance. They are especially excellent insulators with low dielectric constants. The
electronic package's signal transmission speed (v) is faster for lower dielectric constant
(s) because v c< 1 14e . These properties make Teflon materials to be good potential
polymers for microelectronic packaging
substrates.1
However, Teflon materials have
poor adhesion with metals due to low surface energy and poor wettability. Many attempts
have been made to improve their adhesion to metals without changing their original
excellent characteristics. Plasmas, ion beams, UV radiation, and wet chemical etching are
commonly employed to alter the surface properties of
Teflon
materials. Modification of
the surface of
Teflon
materials is often achieved by increasing the surface energy
through the incorporation of new chemical functionalities, defluorination, oxidation,
cross-linking, branching, or formation of unsaturated sites that help them bond to other
materials and improve the adhesion of Teflon with metals. Several different approaches
have been taken. Wet chemical etching of PTFE by sodium naphthalenide in
tetrahydrofuran
(THF)2'3,4
or sodium in liquid
ammonia5increase their ability to bond
with other polymers or
metals6'7
and results in a highly porous structure on fluoropolymer
surfaces. At the same time, polymers could be partially defluorinated to a depth of 100
nm to 1 000
nm.2'3'4'5But wet chemical etching treatment damages the bulk properties of
the polymers. Etching depth on the surface is much more than by dry plasma etching and
the affected layer will be markedly different from the bulk polymer. Further modification
by irradiation or grafting is needed.
Treatment of samples with an
Ar+
ion plasma of energy 1 kV and pressure of
0.013-0.053 Pa in an oxygen environment enhance the adhesion with copper.8
Downstream radiation from a helium microwave plasma [pressure of 240 Pa, microwave
power of 1.0 kW, and helium flow rate of 0.25 liter/min] was found to modify the PTFE
surface and cause defluorination. The MW plasma was formed in an aluminum tube
which passed through a 'double ridge trough' plasma applicator.9
Ion bombardment initiates etching and leads to degradation products with small
molecular weight on the polymer surface; radiation from 6.7 x
104 Pa He and Ar plasma
generated by rotation Arc also contributes to ething10. The VUV radiation emitted from
plasma with cut-off wavelength filters on PTFE and polyimide were found to cause
oxidation, surface wettability and surface roughening. Under some conditions, the weight
loss of the treated sample was found to indicate the degradation of the
fluoropolymer.10
Generally, reactive neutrals, ions, electrons, and photons generated by the plasma
could interact with the polymer to change the characteristics of the polymer surface
including surface chemical composition, wettability, and adhesion to
metals.11The ability
of plasma to modify polymer surfaces without affecting the properties of the bulk is one
12
of its principal advantages.
The simple plasma apparatus may consist of parallel plate electrodes in a vacuum
chamber, typically with pressures of 1 to 133
Pa.13 When a high frequency voltage is
applied between the electrodes, current flows forming plasma containing electrically
neutral species, positive ions and electrons. This is one means of modifying polymer
surface to improve the adhesion while maintaining the desirable properties of bulk
materials. Electrons in the plasma interact with atoms and molecules in the gas phase,
leading to dissociation or bond-breaking. The atoms from the dissociation are highly
aggressive to react with free radical in polymer generated by plasma treatment. Positive
ions and some metastable atoms from the plasma are accelerated toward the substrate
surface. The polymer surface could absorb the energies coming with the ions and atoms
from several electron volts (eV) to 1 keV.13 Otherwise, the MW plasma line source is due
to the emission from rare gas atoms excited by high frequency MW generator as shown
in(l).
(Rare Gas)* -> (Rare Gas) + hv (1)
For neutral helium, atom resonance lines occur at 53.7 nm and 58.4 nm10which is
energetic enough to break most organic bonds. The carbon-fluorine bond dissociation
energy (C-F) is on the order of 5eV and carbon-carbon bond energy (C-C) is on the order
of3eV..17
The gases most often used for plasma modification of polymers are oxygen,
hydrogen, ammonia, nitrogen, and water vapor. Hydrogen with argon or helium could be
used to modify the
Teflon surface.14, 15 The hydrogen atoms abstract fluorine atoms and
contribute to the process of defluorination. The general reaction mechanism in the plasma
is shown in Fig. 1.1.
l)e"+B^B
+e"
2) B -> B + hv
Photons and exited
states react with
polymer
l)e"
+ AA->A + A +
2) Highly reactive atom A
interacts with polymer
tt"
AAA
A+, e
1)
2) Ions and electrons attack
polymer
Formation of Ions
Figure 1. 1 The surface modification mechanism in the plasma11
(For example, AA could be H2, 02 and B could be He, Ar, H2, and 02.)
To investigate the reaction ofhighly reactive hydrogen atoms with PTFE surfaces,
Inagaki, et al.14, used a remote hydrogen plasma. PTFE was positioned at a constant
distance of 80 cm from the center of hydrogen plasma. At the system pressure of 13.3 Pa,
hydrogen at a flow rate of 10 cm /min was introduced into the Pyrex glass tube. Plasma
was operated at a RF power of 25 to 100 W. The contact angle was found to decrease
from 1 1 8 down to 77 degrees. 14
Most polymers absorb photons well in the UV and Vacuum UV (k < 175nm )
regions. Especially in the vacuum UV region, the radiation is energetic enough to break
most polymer
bonds.16' 17 There are various plasma gases (He, Ne, H2, Ar, 02, N2) which
strongly emit VUV radiation. By down stream or remote plasma, only photons with high
energy and radicals generated by 02 and H2 plasma could be more effective to modify the
fluoropolymer surface without damage of the polymer bulk
properties.18Vacuum UV or
UV radiation can induce cross-linking and branching on PTFE. The defluorination and
crosslinking of PTFE induced by VUV radiation could proceed by the reaction
mechanism shown in Fig.1.211. Further reactions with nitrogen, oxygen, or air form the
carbon-nitrogen and carbon-oxygen bonds on the PTFE surface.
(CF,CF2CF2)n-
-F
(CF2 CF CF2)n
(CF2CFCF2)m
*"
(CF2CFCF2)k
Figure 1.2 Vacuum UV radiation cross-linking mechanism
When plasma-treated polymer films are kept in oxygen environments or in air
before metal deposition, free radicals formed by plasma treatment can continue to react
with 02 and form oxygen-containing structures on the polymer
surface.1'' 19
The commercially available fluoropolymer is
Teflon
, which includes such
fluoropolymers as PTFE (polytetrafluoroethylene, (CF2 CF2)n , FEP
(poly(tetrafluoroethylene-co-perfluoropropylene),(CF2CF2)X(C(CF3)FCF2)y
,
and PFA (poly(tetrafluoroethylene-co-perfluoropropylene vinyl ether), - (CF2 CF2)X
(C(CF3)F CF2)y O ). Adhesion ofmetals to modified fluoropolymer films has been
studied by many researchers. In Ref. 8, PTFE was irradiated by
Ar+
ions at 1 keV with
varying ion doses from
5xl014
to
lxlO17 ions/cm2
, with and without an oxygen
environment. Adhesion tests were conducted on a 2000A thick Cu film which was
deposited on the irradiated and unirradiated PTFE samples. Partial detachment was
observed with or without 02 when the ion dose was
5x10' ions/cm2. No obvious
detachment was observed when the ion dose was 1x10 ions/cm or greater. After copper
was deposited on PTFE treated by
Ar+
plasma without an oxygen environment, the
adhesion strength became approximately 3 times stronger than untreated samples.
Otherwise the adhesion strength of PTFE modified by
Ar+
plasma with oxygen was 4
times stronger than the untreated sample due to the formation of carboxyl, ether,
carbonyl, hydroxyl
groups.8Some enhancement of the adhesion was obtained when the
fluorocarbon substrate was treated with either an ion-beam presputtering prior to the
metal deposition, or heat treatment after the
depostion.20 For the oxygen ion-beam
presputtering, oxygen ions with 500ev energy (ion current density at 0.05mA/cm2)
sputtered the PTFE from 0 to 5 min. The results showed the peel strengths as a function
of the time of treatment. The bonding between the PTFE and Cu layer was increased due
to the changes of morphology and chemical composition at the PTFE
surface.20The
results showed the adhesion increased as the UV irradiation fluence (excimer laser at a
wavelength of 248 nm, radiation fluences in the range of 0-2650 mJ/cm2)
increased.20
Since no surface morphology changes were observed, the enhanced adhesion comes
mainly from cross-linking on the PTFE surface shown in Fig. 1 .2.
The peel strength of Cu, Al, Au, Cr and Ti sputter deposited on untreated PTFE,
FEP and PFA polymer films were measured as shown in Fig.1.3.21
Aj CU
Nfetal
Figure 1.3 Peel strengths of Cu, Al, Au, Cr and Ti deposited on PTFE,
FEP and PFA films
21
The peel strength was measured by a 90 peel test. The results show two trends:
higher peel strength for the metals deposited on FEP and PFA than PTFE, and much
higher peel strengths for Cr and Ti than the other metals, especially on FEP and PFA due
to the smaller electronegativities of metals than carbon and fluorine. The carbon sites
with larger electronegativities should attract the metals more than those with smaller
electronegativities. The peel strength ofCu deposited on PTFE modified by Ar-ion(500ev)
sputtering prior to the Cu deposition is shown in Fig. 1
60 t
50 -
40 -
30 -
20 -
10 --,
0 I
50 100 150 200 250
Sputtering time (s)
300 350
Figure 1.4 Peel strength of Cu deposited on PTFE by Ar-ion
(500ev) sputtering prior to the Cu deposition
The peel strength rapidly increased after only 20 sec of sputtering with an
Ar+
ion
beam (500ev), with a maximal value around 50 g/mm at longer sputtering
time.22
Without surface modification,
Cu-Teflon
adhesion is very weak with a peel
strength less than 1 g/mm and the Cu films can be easily peeled off by using scotch
tape.23
The objective of my research was to study the adhesion of copper to PTFE that
was surface modified with VUV radiation downstream from a helium microwave plasma.
There are no reports in the literature of such a study. The adhesion of PTFE film with
copper was checked by peel test. Surface properties, e.g. contact angle, surface
morphology, surface chemical components, film weight loss were compared to untreated
PTFE films.
2. EXPERIMENTAL
2.1 Downstream Microwave Plasma System
The microwave plasma system consisted of nine components: 1) reactor chamber,
2) mechanical vacuum pump, 3) microwave source, 4) microwave clip-on cavity, 5) gas
flow readout unit, 6) gas flow controller, 7) quartz tube, 8) pressure gauge, and 9) helium
and oxygen. A schematic of the microwave plasma system is shown in Fig.2.1.
Microwave guide
Microwave
source
Mass flow controller
Plasma cavity
Pressure gauge
Throttle valve Mechanical vacuum pump
Mass flow controller / ~P ><
Substrate and holder
Figure 2.1 Downstream microwave plasma system
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2.1.1 Reactor ChamberAnd Quartz/Glass Injector Tube
A schematic of the MW reactor chamber is shown in Fig 2.2. The samples are
positioned downstream from the plasma area. The distance between the sample and the
center of plasma area was fixed at 23.8 cm. The samples were placed on an aluminum
substrate situated in the middle of chamber. The configuration of the chamber allows for
only photons and metastables to arrive at the surface of the samples.
Microwave Cavity
Microwave source
Reactor chamber
Sample holder
Quartz/glass injector tube
O^
Plasma area
Figure 2.2 MW apparatus and reactor chamber
(X=8.3cm, Y=l5.5cm)
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Commercially available PTFE film was placed on an aluminum holder/stub. An
aluminum ring was covered onto the holder/stub. This provided a compression fitting on
the film, so that the surface was kept at a right angle to the incoming photons. It also
allowed a clear distinction between the regions exposed and unexposed to the photons. A
schematic of aluminum holder and ring is shown in Fig.2.3. The exposed region to
photons is equal to 3.8cm .
Aluminium ring PTFE films
Aluminium holder/stub
Figure 2.3 Aluminum holder and ring
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2.1.2 Pressure Gauge
The chamber pressure during plasma treatment was kept at 40 to 53 Pa ( 0.3 to 0.4
Torr ) as determined by 1 Torr Baratron pressure gauge head with a MKS Baratron type
170-m-270 digital readout.
2.1.3 Massflow Controller and Gas Flow Readout Unit
A MKS type 1 1 79A mass flow controller controlled the gas flow rate of helium
and oxygen. The scale ranges of mass flow controller are 50 seem and 10 seem for
helium and oxygen respectively. These mass flow controllers provide accurate, repeatable
performance even in low flow ranges (< 10 seem ). The flow rate control is stable even
when the ambient temperature is changed. The newly optimized sensor/bypass
arrangement minimize the flow splitting error for gases with different
densities.24 The
two mass flow controllers were connected to plastic tubes. One plastic tube (Helium gas)
was connected to the glass injector tube, helium gas went through the plasma cavity as a
gas source. The other plastic tube (02 gas) was connected to the chamber wall to flow
over the top 3 cm of the surface of sample as reactive species. A stainless steel Cajon
ultra-torr male connector provided a vacuum tight seal between the injector tube and
plastic tubes. These two mass flow controllers were controlled by a MKS type 146C
cluster measurement and control system. With this control system, the helium and oxygen
flow rates were kept at 50 and 1 seem, respectively, for all the experiments reported in
this thesis.
13
2.1.4 Microwave Discharge
The KIVA Instrument Corporation microwave source was provided at 2.45 GHz
with an output from 0 to 120 Watts. The MW source is connected to a clip-on cavity to
produce microwave energy by a coaxial cable. The MW cavity could be inductively
tuned for changing or minimizing the reflected power. The absorbed MW power will be
reported as the difference between the forward and reflected power. Usually, the
absorbed MW power was kept at around 30 W during the experiments.
2.1.5 Vacuum System
The vacuum is produced by a Balzers Type DUO 35 mechanical pump containing
Fomblin inert vacuum pump fluids which are non-flammable, chemically inert, and
thermally stable. Since oxygen species are very reactive with a hydrocarbon oil, Fomblin
Y16/6 pump oil was used to minimize the damage to the mechanical pump. An IBM
central scientific auto-manual vacuum control system was used to control the vacuum
system including roughing valves.
14
2. 1. 6 Spark Coil/Tesla Coil
A Tesla coil is a high-voltage air-core resonant transformer. The primary
transformer converts the AC line voltage (120/240 volts AC) to over 10,000 volts. This
energy is used to charge the high-voltage capacitor. The capacitor is wired in series with
the primary coil to the output of the
transformer.25 When the voltage builds up enough to
break down the spark gap, a spark will bridge the spark gap and complete the circuit
between the capacitor and the primary coil by shorting out the transformer. The high-
voltage sparks radiated in all directions from the toroid out into the air and the spark
ionized the air, causing it to become much more
conductive.25
A Electro-technic Product model BD-10A (120V, 50/60Hz, 0.35A) spark coils
was used for high-frequency generation. The high-frequency generator will introduce the
electrons or ions between Pyrex glass tube and plasma cavity with MW source and the
plasma will be initiated.
15
2.2 Surface Analysis
2.2.1 X-ray Photoelectron Spectroscopy
The composition of the polymer surface was analyzed by X-ray photoelectron
spectroscopy (XPS). XPS usually could show the percentages of the various species on
polymer surface down to a depth of several nanometers.
XPS analysis was performed at IBM, Endicott. Surface analysis of PTFE was done
on substrates before and after modification with different gas mixtures, and treatment
methods.
2.2.2 Scanning Electron Microscopy
The scanning electron microcopy (SEM) was used to observe surface morphology.
Usually, after the plasma treatment, the PTFE film will become rougher on the surface
than untreated samples. Surface roughness often improves the adhesion to metals due to
better mechanical interlocking between films and metals.
The Cambridge stereoscan 200 SEM equipped with LaB6 emitter was applied to
analyze the surface morphology of treated PTFE films. The chamber and column
pressures were on the order of 1.33 x 10"4and 1.33 x 10"5 Pa, respectively. The Polaroid
film type 55, with positive and negative pictures, was used to record the surface
morphology. Magnification of the photomicrographs varied from 1.56Kx to 1.69Kx. The
filament voltage was usually 1 5 or 25 kV.
16
Because SEM scanned the surface by electrons, the surfaces needed to be
conductive. Before the PTFE films were put into the SEM, the surfaces were coated with
Au film (20-50nm). The Au deposition system (sputtering system) was performed in an
ISI Model PS-2 SEM coating unit at a chamber pressure of 13 to 26 Pa ( 0.1 to 0.2 torr )
and ion current of 30mA. The PTFE films were centered and fixed onto an SEM stub by
double stick tape. This method exposes the topside or treated areas of the PTFE films.
2.2.3 ContactAngleMeasurement
The NRL contact angle goniometer model 100-00 was used to measure the
contact angles of PTFE surface. Contact angle ( 0 ) is one of the important characteristic
of the solid surface. The contact angle is the angle between the solid-liquid interface and
liquid-vapor interface. In contact angle measurement, there are usually three surface
interfaces involved, the solid-gas interface, the liquid-gas interface, and the solid-liquid
interface. For a liquid to spread over the surface, the surface energy of the solid-gas
interface must be greater than the combined surface energies of the liquid-gas and the
solid-liquid interfaces. Second, the surface energy of the solid-gas interface must exceed
the surface energy of the solid-liquid interface. Young's equation connects the surface
tensions:
0 = cos _1 ( ( ysv -Ysl ) / Ylv )
y interfacial tension, S solid, L liquid, V gas or vapor
17
A surface is wettable if 0 is less than 90, otherwise, the surface is non-wettable
if 9 is larger than 90. The contact angle measurement can not directly show the exact
value of the surface energy. In general, high contact angle will indicate that the surface
has a low surface energy. Low contact angles indicate a high surface energy. The contact
angle measurement is shown in Fig.2.4.
Vapor
Y<sv
contact angle ~YSL
Solid (polymer surface)
Figure 2.4 Contact angle measurement
VVapor;LLiquid;SSolid
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2.2.4 Weight Loss
After the fluoropolymer was treated by plasma, defluorination and even some
kind of degradation will happen on the surface of fluoropolymer.10 The samples were
weighed before and after plasma treatment. The effect of plasma treatment on
fluoropolymer surface is checked by a Mettler AE 1 63 microbalance with an accuracy of
O.OOOlg.
2.3 Copper Deposition And Scotch Tape Test
2.3.1 Copper Deposition
Copper was deposited on the modified PTFE surfaces using either (1)
Ar+
ion
assisted sputtering deposition or (2) ordinary thermal resistance evaporation.
A DC planar magnetron was used to deposit copper onto the treated PTFE film.
The discharge voltage, current, and power for sputtering with argon were kept in the
range from 540-570 V, 0.3- 0.4 A, and 190-220 W, respectively. The operation base and
effective deposition pressures were kept on the order of 3.3 x
10"
and 8 x
10"
Pa,
respectively. The deposition rate was around 2.5-3.0 A/s and the copper thickness
deposited on the PTFE was about 3000 A. The sputtering chamber is shown in Fig.
2.5.27 When the copper deposition rate stabilized, the shutter was moved to the side of the
chamber and the sample was then coated with copper.
19
Argon gas
Rate deposition
monitor crystal
DC Planar
magnetron
Copper target
Shutter
Substrate
PTFE film
Figure 2.5 Sputtering chamber
A Consolidated Vacuum Corporation (CVC) 18 inch bell jar system was also used
to resistance-evaporate 300 nm coatings of copper on the Teflon substrates. A tungsten
boat was used to evaporate the copper. The copper-source to substrate distance was
about 30 cm. The base pressure was about 4 x 10"4 Pa and the deposition rate was about
20
1 nm/s. The copper was heated and evaporated upstream to the modified PTFE surface.
The copper film formed on the surface of PTFE.
The copper evaporation deposition system was also used to deposit copper on the
modified PTFE film and compared to the results from the
Ar+
ion-assisted sputtering
deposition system.
2.3.2 Scotch tape test
3M Scotch (3750) tape was used to check the adhesion of copper film to the
modified PTFE surface. The adhesion to steel is 61 g/mm (55oz. / inch width ). The
treated PTFE film was fixed on the aluminum plate by Scotch Duct tape and Scotch tape
was used to mask over the PTFE. The tape was slowly peeled from the copper film at an
angle of about 160-
170
as shown Fig. 2.6.27
PTFEfita Scotch Tape
Alumnm plate
Figure 2.6 Peel test
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2.4 Sample Preparation
Norton (a trade mark of Saint-Gobain performance plastics) PTFE film of 50.8
urn thickness was cut into the dimension of 4 x 4 cm2. The PTFE film was cleaned by
ultrasonic bath with methanol and then acetone for 5 minutes, respectively. The cleaned
sample was dried in air for 24 hours. This cleaning procedure was recommended by IBM
Corp.,
Endicott.9
22
3. RESULTS
3.1 ContactAngleMeasurement
The contact angle measurement ofPTFE modified downstream from a microwave
helium MW plasma in the presence and absence of oxygen showed that the contact angle
decreased from an average value of 104 for untreated material to an average of about
87
after 3-4 hours of exposure. The changes of contact angle and experimental
parameters are shown in Table 3.1 and 3.2. Within experimental error (3 degrees), Figs.
3.1 and 3.2 do not show any appreciable difference of contract angles of PTFE modified
by helium MW plasma with or without the presence of oxygen above the surface.
Treating
Time
Helium
Pressure
(Pa)
Microwave Power
(Watt)
Average
Contact Angle ( )
Helium
Flow rate
(SCCM)
0.5 15.0654 34 88.25 50
0.75 18.6651 29 86.25 50
1 20.9316 33.5 88.75 50
2 20.1317 32 81.25 50
3 17.9985 33 78.5 50
4 18.9318 31.5 86.5 50
* The contact angle on each sample was measured at four different sites and the
results were averaged.
Table 3.1 Contact angle (PTFE modified by Helium microwave plasma)
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Treating
Time
Total
Pressure
(Pa)
Helium
Pressure
(Pa)
o2
Pressure
(Pa)
MW
power
(Watt)
Average
Contact Angle
("
)
He flow
rate
(SCCM)
02 Flow
rate
(SCCM)
30Min 30.1309 29.5976 0.5333 31.5 88.75 50 1
lHr 32.264 31.5974 0.6666 29 85 50 1
2Hr 34.2638 33.5972 0.6666 31 85 50 1
3Hr 32.664 31.9974 0.6666 30 88 50 1
* The contact angle on each sample was measured at four different sites and the results
were averaged.
Table 3.2 Contact angle (PTFE modified by Helium microwave plasma
with 02 flowing over the substrate)
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Figure 3.1 Contact angle (PTFE modified by He microwave Plasma)
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Figure 3.2 Contact angle (PTFE modified by Helium microwave plasma
with 02 flowing over the substrate)
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3.2 ScanningElectron Microscopy (SEM)Analysis
SEM analysis reveals some roughening of the modified PTFE. Figures 3.4, 3.5,
and 3.6 shows the SEM pictures of PTFE modified downstream from helium MW plasma
have more roughness of surface than that of untreated PTFE shown in Fig. 3.3. The
surface contained a lot of micropores and has distinctly different surface morphology
compared with original PTFE film. It shows the larger cavities which provide the
anchoring sites for copper deposition after 2-4 hours helium MW treatment.
Fig. 3.7 shows no significant changes on surface roughness and morphology for
PTFE treated by helium MW plasma with O2 flowing over the substrate.
20UM p-,-: ;
.';, ', ,^,
.
- '
Figure 3.3 SEM analysis of untreated PTFE
(Magnification: 1.66Kx, Filament voltage: 15Kv)
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Figure 3.4 SEM analysis of PTFE modified by lhr He MW plasma
(Magnification: 1.66Kx, Filament voltage: 15Kv)
Figure 3.5 SEM analysis of PTFE modified by 2hr He MW plasma
(Magnification: 1.66Kx, Filament voltage: 15Kv)
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Figure 3.6 SEM analysis of PTFE modified by 4hr He MW plasma
( Magnification: 1.71Kx, Filament voltage: 15Kv)
28UM
Figure 3.7 SEM analysis of PTFE modified by 2hr He MW plasma with
O2 Environments
(Magnification: 1.58Kx, Filament voltage: 15Kv)
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3.3X-ray Photoelectron Spectroscopy (XPS) Analysis
The results shown in Table 3.3 indicate there are different degrees of
defluorination and the incorporation of oxygen and nitrogen into the PTFE surface. The
scans from 0 to 1000 eV binding energy detected carbon, oxygen, and fluorine on the
PTFE surface modified by the helium MW plasma. PTFE exposed to 2 hours helium MW
plasma contains a small amount of nitrogen. Multi-steps helium MW plasma treatment
showed higher concentration of atomic percent of O atoms than 2 hours helium plasma
with O2.
%C %F %0 %N
Untreated 31.5 68.5
2 hr. Helium 32.1 65.6 1.6 0.7
2 hr. He & 02 32.5 65.7 1.8 0
2 hr. He +
2 hr He & 02
33.4 63.9 2.7 0
Table 3.3 XPS analysis
Figures 3.8a and 3.8b show the Cls and Fls spectra, respectively, acquired for the
untreated PTFE (line 1), PTFE modified by 2 hours helium MW plasma (line 2), PTFE
modified by 2 hours helium MW plasma with O2 flowing over the substrates (line 3), and
PTFE modified by multi-step MW plasma treatment (line 4). The main Cls signals for
PTFE are located at 292.2 eV and Fls signals are located at about 689 eV. The main
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effect is that the electron binding energy of Cls and Fls of modified PTFE are shifted
lower. The Nls signals are located at about 401.1 eV and the corresponding Ols signals
are at 533.8 eV (from Dr. L. J. Matienzo, Endicott Interconnect Technologies, Inc.).
Im00072_9.spe: claan-1
02 Sep 18 A! mono 350.0 W 0.0 65 0' 11.75 eV
F1s/Ful(/1 (Shfl Shfl)
LOOOOe+ODOmax
Company Name
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Figure 3.8 (a) and (b) XPS spectra of PTFE modified by VUV radiation
downstream from a helium MW plasma with/without 02
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3.4Adhesion Results by Scotch Tape Test
The percentage of sputtered copper remaining on the modified PTFE surface after
a scotch tape test is reported as % remaining/adhesion in Table 3.4. The scotch tape test
results on the modified PTFE (sputtering copper deposition) are shown in Figs.3.9-3. 12.
No copper adhesion was found on the untreated PTFE surface. PTFE exposed to helium
MW plasma with 02 flowing over the substrates showed over 90% of copper adhered to
the modified PTFE surface. No improvement of adhesion of PTFE with evaporated
copper was founded using the thermal evaporation system.
Plasma
treatment
Copper remaining
(%) after first peel test
Copper remaining (%)
after second peel test
Untreated
PTFE
0
2hr. He
MW
15 0
4 hr. He
MW
10-15 0
1 hr. He
MW with 02
55 20-30
2hr.He
MW with 02
>95 >92
Table 3.4 Peel test on modified PTFE (Cu deposited by
Ar+
assisted sputtering copper deposition system)
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Figure 3.9 Copper film was totally peeled off from untreated
PTFE surface
"!*U
Figure 3.10 85% of the copper film was peeled off from the surface of
PTFE modified by 2 hours helium MW plasma
Figure 3.11 85% of copper film was peeled off from the surface of
PTFE modified by 4 hours helium MW plasma
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Figure 3.12 5 % of the copper film was peeled off from the surface of
PTFE modified by 2 hours helium MW plasma with oxygen
3.5 Weight LossAnalysis
No apparent weight loss on PTFE samples was found shown in table 3.5.
Plasma
treatment
Weight loss
(g)
Original Weight
(g)
Final Weight
(g)
2 hr. He MW
with 02
0-0.0001 0.169(1-2) 0.1692
4 hr. He MW
with 02
0 0.1892 0.1892
2 hr. He MW 0 0.1748 0.1748
4 hr. He MW 0-0.0001 0.1543 0.154(2-3)
Table 3.5 Weight loss analysis
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4. DISCUSSION
4.1 ContactAngle
The contact angles, as shown in Figs. 3.1 and 3.2, decreased significantly from
104 to 86 for PTFE exposed to helium MW plasma with or without 02 in a treatment
time of 3-4 hours. From the decrease of the contact angle, we infer the improvement in
the wettability and increased surface energy ofmodified PTFE. The plasma treatment can
change the PTFE surface from hydrophobic to hydrophilic. After plasma treatment, the
contact angle decreased to an equilibrium value. We believe that the decrease of the
contact angle is mainly due to the following reactions (l)-(4).
hv
(CF2CF2CF2) ?(CF2CFCF2)n + F- ),<~250nm (1)
hv
(CF2CF2CF2)n *Ri +R2 ).<~410nm (2)
hv
(CFzCFCF2)n or R,. and R2 ? (CFzC(02)CF2)n (3)
o2
Reaction (1) is the process of defluorination. The photons generated by helium
MW plasma are photoabsorbed by the PTFE substrates to break carbon-fluorine (C-F)
bond and form an active site (free radicals) on the polymer chains for further reaction
which may include crosslinking, branching, etc. Reaction (2) is the process of chain
scisson or chemical bond-breaking. It also creates an active site for further reaction.
Reaction (3) is the process of formulation of an oxygen-containing peroxy structure. The
02 may come from directly flowing over PTFE films and it could come from the air when
the modified PTFE was kept in the air. Because the free radical generated by plasma
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treatment on polymer chain has a long lifetime , reaction (3) could also happen after
plasma treatment when samples were kept in air.
The dissociation of oxygen by photons generated by helium MW plasma could
produce oxygen atoms that may also react with the free radicals.
4.2 SEMAnalysis
After the plasma treatment, the PTFE film will become rougher on the surface
than untreated samples shown in Figs. 3.3-3.6. Figure 3.7 do not show much roughening
of the surface when oxygen was over the surface of the substrate. This may be due to
photoionization of oxygen prior to photoabsorption by the substrate.
These SEM micrographs of Figs. 3.4, 3.5, 3.6 and 3.7 show the rough surface of
treated PTFE surface contains 1-2 urn long micropores. The plasma treatment produced
some cavitites/micropores on PTFE films and provides stronger interlocking to copper
deposited on it. The copper could be attracted to the surface by the increased specific
surface area and morphology. Rougher surfaces have improved the adhesion to metals
due to mechanical interlocking between films and
metals.9The PTFE surface modified
by helium MW plasma with 02 was a little smoother (shown in Fig. 3.7) than the PTFE
surface modified by helium MW plasma only, because when 02 was ionized with photons
generated by helium MW plasma, that may prevent the PTFE surface from further
penetration by photons.
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4.3XPSAnalysis
There are some difference in the defluorination and incorporation of oxygen on
the polymer surface by He MW plasma with/without 02 shown in Table 3.3 and Fig. 3.8
of XPS results. The main C Is signal for treated PTFE with/without 02 became broader
and the binding energy of the main C Is ( 292 eV ) shifted to a lower energy ( 285 eV ) .
After 2 hours helium MW plasma treatment on PTFE, the atomic ratio of F/C was
changed from 2.17 to 2.04. It showed that defluorination occurs and comes with the shift
ofmain Cls binding energy. The helium MW plasma results in both defluorination and
oxidation. The oxygen percentage of surface atoms is 1.6 % of surface atoms. In this
case, the long-life free radicals generated by MW plasma on the polymer surface remain
active after plasma treatment and reacted with 02 in the air to form oxygen-containing
groups like carbonyl group (C=0). From XPS analysis, it contained a small amount of
nitrogen (0.7% of surface atoms).
PTFE films exposed to 2 hours helium MW plasma with oxygen flowing over
PTFE surface also showed defluorination ( F/C = 2.02 compared to original F/C =2.17 )
and larger amounts of oxidation (O % = 1.8).
A combination of treatments were carried out. First, the PTFE film was exposed
only to helium MW plasma for 2 hours, then the treated PTFE was kept in the air over 12
hours. After that, the PTFE film was treated by helium MW plasma with 02 environment
for another 2 hours. XPS results showed greater amounts of defluorination (F/C= 1.91)
and oxidation (O % = 2.7) with the binding energy shift. The XPS analysis was complied
with the results of contact angle measurement. Larger defluorination and oxidation
correlated with increased wettability of the PTFE surface.
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4.4Adhesion test
Sputtered copper deposition results showed PTFE modified by helium MW
plasma with 02, which has higher concentration of O atoms, has greater adhesion
improvement (> 95% of cooper adhesion after peel test) to copper than plasma treatment
without 02 (10-15% of copper remaining after peel test) . Although there was 1.6 % of
oxygen atoms on PTFE surface exposed 2 hr. helium MW plasma which was compared
to 1.8 % of oxygen atoms on PTFE surface modified by 2 hr. helium MW plasma with
02, the adhesion improvement was much different. It was mainly due to the reaction with
different existing forms of oxygen. Without the 02 environment, the reaction with 02
occurred after plasma treatment. The free radical on polymer surface reacted with 02 in
the air. At the same time, the free radicals on PTFE surface reacted with each other to
form crosslinking between the active sites that make the free radicals
'dead'
. In this case,
the formats of oxygen-containing could be carbonyl group (C=0) or carbon-oxy group
(C-O-C), etc. The reactions are shown in (l)-(3).
hv
(CF2CF2CF2)n ? (CF2CFCF2)n (1)
-F
(CF2 CF CF2)n
(CF2CFCF2)m
(CF2 CF CF2)k
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R + 02 -> R02 (2)
R, + R02- -> R,0 + RO (3)
During plasma treatment, 02 was flowed over the PTFE surface. The 02 could be
ionized and/or dissociated as shown in (4) and (5).
02 + hv =
02+
+ e X< 102.8 nm (4)
ionization28
02 + hv = O (!S) + O (!S) X < 92.3 nm (5) dissociation29
The ionized 02 and highly aggressive atomic O reacted with active sites on PTFE
surface produced by photons (He = He + hv (53.7 nm, 57.4 nm)). The oxidation reaction
occurred during the whole plasma treatment and competed with crosslinking reaction to
form more stable oxygen-containing structures.
Without helium plasma modification, the adhesion of PTFE with copper is very
poor and failed the scotch tape test. (0 % of copper remaining after scotch tape peel test).
The helium MW plasma treatment, especially with 02 flowing over PTFE surface
significantly improved the adhesion ofPTFE to copper (Cu was deposited on PTFE by an
Ar+
ion-assisted sputtering system). Since the SEM results do not show significant
surface roughness after plasma treatment, the chemical structure changes ofPTFE surface
areas seem to be more important. The chemical structure changes increased the chemical
bonding between Cu and PTFE. This indicates the surface roughening contributes to the
adhesion improvement, but it is not the dominantmechanism.
No adhesion improvement was observed when copper was deposited on
pretreated PTFE by a thermal evaporation system. The
Ar+
ion-assisted deposition
increased the chemical bonding between copper film and PTFE substrate when Cu target
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was bombarded by high speed electron flow and copper was accelerated to deposit on
PTFE substrate. The sputtering technique, therefore, produces more energetic Cu atoms
and smaller grain sizes, than the evaporation method which enhances the adhesion to the
VUV-treated PTFE. The results reported in this thesis are the first indicating that VUV
radiation may be used to control the adhesion ofCu to PTFE.
4.5 Weight loss
No apparent weight loss on treated PTFE samples was found as shown in Table
3.5. The estimated etch rate is less than 1 nm/min. There is no evidence to show that
downstream helium MW plasma would damage the bulk properties of PTFE. With the
low absorbed power of 30 W and relatively long distance from plasma area (sample was
kept at about 24 cm away from the plasma area), the surface degrading and changes of
bulk properties were reduced to the minimum. These are the advantages of remote plasma
and the plasma treatment with low absorbed MW energy.
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5. Conclusion
Downstream helium MW plasma with 02 flowing over the substrate is an
effective method to modify the surface properties of PTFE film and improve the adhesion
to copper by the formation of oxygen-containing structure on polymer surface,
defluorination, increasing surface roughness, and chain crosslinking.
The contact angle was decreased from 104 to the average of 86 by downstream
helium MW plasma with/without 02. Although SEM results do not show too much
roughness on treated PTFE surface, the changes of specific surface area may also
contribute to the change in contact angle. The surface roughening in this study is not the
dominant effect on adhesion enhancement.
XPS results revealed the formation of hydrophilic groups by the incorporation of
oxygen and defluorination. This is the main effect on the change of surface wettability.
Even without 02 environment during plasma treatment, oxygen-containing structure (O
% of surface atoms = 1.6) was formed due to the reaction of the long-life free radical with
02 in air.
The improved adhesion to copper was verified by a scotch tape test. Two hours
helium MW plasma treatment with 02 [Microwave power: about 30 Watt, 02 flow rate: 1
seem, He flow rate: 50 seem, chamber pressure: 26-40 Pa] increase the copper remaining
on treated PTFE film from 0% to over 95% after scotch tape peel test (copper was
deposited by
Ar+
ion-assisted sputtering deposition). The significant increases of
Cu/PTFE adhesion mainly come from the results of chemical structure changes, and the
formation of strong chemical bonding at the Cu/PTFE interface.
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The downstream helium MW plasma showed the minimum of changes of bulk
properties ofPTFE film and degradation. That makes this method an effective way to
improve copper adhesion without changing the desirable physical properties.
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Suggestions for Future Research:
1 . Vacuum UV downstream from a helium MW plasma at low pressure is an effective
method to modify polymer surface properties. Helium gas as one of the gas source could
generate the photons by VUV irradiation. Argon is the other gas which could produce
photons in VUV and make 02 dissociate as shown in (l)-(4). 30
Ar* =Ar+hv( 104.8, 106.4 nm ) (1)
02 + hv = O ( 3P ) + O ( 3P ) 1 < 242.4 nm (2)
02 + hv= 0(3P) + 0(1D) X<175nm (3)
02 + hv = O ( 3P ) + O ( !S ) k< 133.2 nm (4)
Using an Argon plasma to modify the PTFE surface at low pressure can potentially
improve the adhesion to copper by defluorination and oxidation.
2. PFA and FEP are also interesting
Teflon
materials. Vacuum UV radiation
downstream from the helium and argon MW plasmas at low pressure could improve PFA
and FEP surface properties.
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